ABSTRACT Stromal-cell-derived factor-1 (SDF-1), the only ligand of the chemokine receptor CXCR4, is involved in skeletal muscle development. However, its role in the proliferation, differentiation and migration of somite cells is not well understood. Here, we investigated its function during somite 
Introduction
Stromal-cell-derived factor-1 (SDF-1) is the only ligand of the chemokine receptor CXC-motive-chemokine receptor 4 (CXCR4). The SDF-1/CXCR4 axis has been reported to provide cells with directional cues as well as to control the proliferation, differentiation and survival of many cell types including human and murine hematopoietic stem and progenitor cells (Lapidot and Kollet. 2002; Hodohara et al., 2000; Lataillade et al., 2000; Bleul et al., 1998; Wang et al., 1998; Aiuti et al., 199) . SDF-1 is the main chemokine which plays a role in the migration of hematopoietic stem cells (HSCs) and endothelial progenitor cells (Ceradini et al., 2004; Hattori et al., 2003; Wright et al., 2002) . SDF-1 is a chemotactic factor for human hematopoietic CD34+ progenitor cells and has an important role in the homing of these cells to the bone marrow (Möhle et al., 1998; Aiuti et al., 1997; Dutt et al., 1998) . Additionally, platelet-derived SDF-1 enhances differentiation of CD34+ cells into endothelial progenitor cells (Stellos et al., 2008) . In different injured tissues, SDF-1 has been shown to be up-regulated and is thought to control repair by recruiting stem/progenitor cells to the place of injury (Hatch et al., 2002) . Butler and his group showed that SDF-1 levels are increased in diabetics with proliferative diabetic retinopathy, and that SDF-1 probably has an important role in the migration of HSC-derived endothelial progenitor cells to the location of vascular wounds by regulating molecules in the wound-repair response. Furthermore, they demonstrated that SDF-1 is involved in proliferative retinopathy and is thought to be an ideal target for the elimination of proliferative retinopathy (Butler et al., 2005) .
Recent studies have shown that SDF-1/CXCR4 plays a pivotal role in skeletal muscle development (Vasyutina et al., 2005; Yusuf et al., 2006; Rehimi et al., 2008) . Premyogenic precursor cells migrate from the somites into the limb bud mesenchyme, where they start to express CXCR4 and generate muscles of the appropriate size (Vasyutina et al., 2005) . CXCR4 mutant mice showed acute defects of limb myogenesis, as demonstrated by a reduction of limb musculature (Odemis et al., 2005) . During the cloaca muscle formation, SDF-1 is required for the migration of myogenic precursor cells from the hind limb into the cloaca (Rehimi et al., 2008) . SDF-1 plays the same role for the migration of myogenic precursor cells from the forelimb to the trunk during the formation of the shoulder girdle muscles (Masyuk et al., 2014) . In addition, SDF-1 participates in muscle regeneration by inducing muscle progenitor/ satellite cell differentiation via both CXCR4 and CXCR7 signaling (Melechionna et al., 2010) . In mice, shortly after transplantation, CXCR4 expression by muscle progenitor cells increases their extravasation into skeletal muscle (Perez et al., 2009) . In zebrafish, the inhibition of SDF-1/CXCR4 signaling by morpholinos, led to a decrease in MyoD and Myf5 expression, and resulted in fast muscle formation (Chong et al., 2007) .
The somites on either side of the axial structures impose a metameric pattern on the embryonic body. They contain multipotent progenitor cells for skeleton, connective tissue, smooth and striated muscles as well as endothelial cells (Brand-Saberi and Christ, 2000; Christ et al., 2007; Ben-Yair and Kalcheim, 2008) . One important step for cell differentiation is the somite compartmentalization, which is controlled by signals from the notochord, the dorsal neural tube, the lateral plate mesoderm and the ectoderm, resulting in the subdivision of the somite into a ventral and dorsal part (Brand-Saberi and Christ, 2000; Christ et al., 2004) . The ventral part develops to the sclerotome which comprises mesenchymal cells. During later stages of development, the sclerotome undergoes a new alignment called "resegmentation", leading to the fusion of the caudal half of one sclerotome with the cranial half of the following sclerotome. The residual dorsal part maintains the epithelial structure, forming the dermomyotome (DM), which contributes to skeletal muscles and the dorsal dermis Brand-Saberi 2006, 2012) . Further somitic derivatives are fibroblasts, smooth muscles, and endothelial cells (Brand-Saberi and Christ, 2000) . The myotome is built by the dermomyotomal cells from all four borders which slide ventrally to form a complex of cell sheets (Gros et al., 2004) . The cells located within the intermediate and lateral half of the dermomyotome are the precursors of the hypaxial muscles, while in the medial half, precursors of the epaxial (deep back) muscles are found (Christ and Ordahl, 1995; Huang and Christ, 2000) . At the interlimb level, the ventral dermomyotome extends as an epithelial sheet into the lateral plate mesoderm and generates the hypaxial muscle of the body wall, such as the intercostal muscles (Christ et al., 1983; Denetclaw et al., 1997) . Other hypaxial muscle groups, such as the muscles of the extremity, the diaphragm and tongue, are formed in a different manner to the body wall musculature. Here, the ventral dermomyotome cells leave the epithelial dermomyotome after undergoing an epithelial-mesenchymal transition and migrate to their destinations (Chevallier et al., 1977; Christ et al., 1977; Grim, 
Results
During development, SDF-1 is expressed in the somites (Rehimi et al., 2008) . To investigate the function of SDF-1 in the somites, we performed gain-of-function experiments by means of injecting COS-1-SDF-1-expressing cells and via the electroporation of pIRES2-EGFP-SDF-1 constructs. The operated embryos were analyzed for cell proliferation, skeletal muscle and blood vessel formation.
Over-expression of SDF-1 in the somites leads to an increase in somitic cell proliferation
To ask whether SDF-1-expression in the somites influences cell proliferation, a pIRES2-EGFP-SDF-1 construct was electroporated into the lateral somite epithelium at . After one, and two days of reincubation, the electroporated embryos reached the stage HH-21 and HH-24, respectively. Green fluorescent protein (GFP) could be observed in the lateral parts of the somites located at the interlimb level ( Fig. 2A) . The operated embryos were fixed and stained via in-situ hybridization using a specific probe for ProliferatingCell-Nuclear-Antigen (PCNA; Köhler et al., 2005) . An increase in PCNA-expression was observed in the lateral dermomyotomes in comparison to those on the contralateral side of embryos after one day of reincubation (7 out of 10 cases examined, Fig. 2 B) . In the sclerotome, PCNA expression was detected in the dorsal part of both the operated and the unoperated contralateral side. No up-regulation of PCNA was observed in the lateral sclerotome of the operated side. No significant change of PCNA expression can be seen in the dermomyotome in embryos after two days of reincubation (n = 10, data not shown). These results demonstrate that SDF-1 enhances cell proliferation selectively in the dermomyotome. However, this proliferation effect of SDF-1 is only observable in the first reincubation day. As a control, an EGFP construct was electroporated into the same region. After one day of reincubation, strong green fluorescence was seen in the lateral somite at the interlimb level (Fig. 2C) . PCNA was expressed to the same extent at the electroporated side as on the contralateral side (Fig. 2D ). These observations showed that embryos electroporated with the EGFP construct showed no change in PCNA expression in the somites (10 of 10 cases examined).
Implantation of CXCR4 inhibitor leads to down-regulation of MyoD expression in the myotome
To test whether the inhibition of SDF-1/CXCR4 signalling had the opposite effect, we analyzed MyoD expression after the implantation of beads soaked with CXCR4 inhibitor. We found that the MyoD expression was significantly down-regulated in the somites where beads had been implanted (n = 8). No MyoD expression was seen around the implanted beads (Fig. 4) . Our results suggest that SDF-1/ CXCR4 signalling is essential for MyoD expression in the somites.
Grafting of SDF-1 producing cells into the somites induces ectopic myotomal cells
To ask whether SDF-1 induces myotomal cell migration, COS-1-SDF-1-EGFP-expressing cells were grafted into the somitocoele. After one day of reincubation, we observed EGFP in the somites (Fig. 5A ). The operated embryos were fixed after one or two days of reincubation. In transverse sections, SDF-1-expressing cells revealed by EGFP were located in the sclerotome (Fig. 5B) . The MyoD expression pattern in the myotome was altered (15 out of 18 cases examined, Fig. 5C ). MyoD expression extended from the myotome into the domain of the injected SDF-1 cells in the sclerotome. The area of the ectopic MyoD expression was very wide, and extended as far as the injected SDF-1 cells. However, it was less intensive than MyoD expression in the myotome proper. This suggests that myotome cells left their usual position and migrated towards the source of the SDF-1 signal and thus into the sclerotome. As a negative control, embryos injected with COS-1-EGFP-expressing cells showed no change in MyoD expression. These observations indicate that the SDF-1 signal induces myotomal cell migration.
Electroporation of the pIRES2-EGFP-SDF-1 construct into the lateral somites reduces the population of limb muscle cells
It is well known that premyogenic progenitor cells migrate from the lateral dermomyotomes into the limb bud, where they 
Electroporation of the pIRES2-EGFP-SDF-1 construct into the lateral somite increases myotomal cell number
To determine whether SDF-1-expression in the somite would have an impact on myotome formation, we introduced the pIRES2-EGFP-SDF-1 construct into the lateral part of the epithelial somite. An EGFP construct was used in control experiments. After a day of reincubation, the operated embryos were checked in ovo for EGFP expression. Some of the operated embryos were fixed immediately after the examination, while the remaining embryos were allowed to develop for one day more. To assay myotome formation, the embryos were subjected to in situ hybridization with a MyoD probe.
In most of the operated embryos, an EGFP-signal was clearly observed in the lateral somites, especially in the lateral dermomyotome lips (Fig. 3 A,B,D,E) . The lateral dermomyotome lip has been reported to be important for the growth of the myotome (Ordahl et al., 2001; Gros et al., 2004; Pu et al., 2013) . After one day of reincubation, the MyoD expression in the myotome of the pIRES2-EGFP-SDF-1 electroporated somites was very similar to that of the equivalent somites on the contralateral side (data not shown). However, an altered MyoD-expression was detected in the embryos after two days of reincubation. In transverse sections through the electroporated somites, SDF-1-expression was revealed by an EGFP-signal in the lateral somites (Fig. 3C) . In this region, the MyoD expression domain was significantly wider in comparison to that of the contralateral side (8 of 11 cases examined, Fig. 3 B,C). These results indicate that an enhanced SDF-1-expression in the lateral somites increases the population of myotomal cells in the hypaxial domain.
The MyoD expression pattern in the EGFP electroporated somites did not differ significantly from that of the corresponding somites on the contralateral side. The ventral myotome of the electroporated side extended as far as the myotome on the control side (Fig. 3F ). These observations show that electroporation with EGFP alone does not have any effect on MyoD expression in the somite.
differentiate into muscle cells (Christ and Ordahl, 1995) . The migration of a subpopulation of myogenic cells is controlled by the SDF-1/CXCR4 axis (Vasyutina et al., 2005; Yusuf et al., 2006) . To reinvestigate the function of SDF-1 on the migration of myogenic precursor cells, SDF-1 was over-expressed in the lateral dermomyotomes by means of electroporating the
SDF-1 in somite development 33
pIRES2-EGFP-SDF-1 construct into the lateral epithelial somites at the limb bud level. The migration of premyogenic cells starts at stage HH-13, whereas the myogenic differentiation revealed by MyoD expression in the limb bud begins at about HH-23-24. To analyse the limb muscle development, the operated embryos were reincubated for 2 days, reaching HH-23-24. In the whole mount, the MyoD-expression was seen in the limb bud on both sides (Fig.  6 B,C) . However, the MyoD-expression in the limb on the operated side was much weaker than those on the contralateral side (Fig. 6 B,C) . These observations indicate that the over-expression of SDF-1 in the lateral somites stopped the migration of CXCR-4-dependent myogenic cells from the somites into limb, and thus led to a reduction of muscle cells in the limb. In sections of the limb bud, we observed many EGFP-positive cells which migrated from the dermomyotome into the limb bud (Fig. 7 A) . Because the limb muscle is significantly reduced after over-expression of SDF-1 in the lateral somite, most of the emigrated somite cells in the limb are unlikely to be myogenic cells. To confirm this hypothesis, co-localization of MyoD and EGFP expression was analysed. We observed that most of EGFP cells were not MyoD positive (Fig. 7 B,C) . Only very few EGFP-positive cells overlapped with MyoD expressing cells. This means that most emigrated SDF-1 expressing cells from the somite were not myogenic cells.
Overexpression of SDF-1 in the somite leads to an increase in blood vessel formation in the somite and limb
Since the somites give rise to not only myogenic, but also to angiogenic cells of the limb (He et al., 2003) , most of the non-myogenic somite-derived cells must be angiogenic cells. To analyse the influence of SDF-1 on the blood vessel formation, we first electroporated the pIRES2-EGFP-SDF-1 construct into the lateral portion of the somite. The electroporation was done at HH15-17. After one to two days of reincubation, the blood vessel formation was analysed To determine whether emigrated SDF-1 expressing cells from the somites into the limb were endothelial cells, the co-expression of EGFP and VEGFR2 was also analysed in sections of the limb. In situ hybridisation with a quail VEGFR2 probe was performed on eight successfully electroporated embryos. Most of the EGFPpositive cells which represented SDF-1 expressing somitic cells resided mostly in the dorsal and ventral parts of the limb, where the VEGFR2-positive cells were located. We observed that many EGFP cells overlapped with VEGFR2 -positive cells (Fig. 8) . This indicates that most of the emigrated SDF-1 expressing somite cells differentiated mainly into blood vessel endothelial cells in the limb.
Furthermore, we found an increase of VEGFR2+ cells in the somites and limbs (8 out of 11 cases examined, Fig. 9 ). The increased VEGFR2-positive cells were mainly in the lateral part of the sclerotome and in the limb (Fig. 9B) . At the interlimb level, more VEGFR2-positive cells were found in the ventrolateral body wall on the operated side than on the contralateral side (Fig. 9D) . The control embryos, which were electroporated with EGFP only, showed no alteration of VEGFR2 expression (data not shown).
An additional five embryos which were successfully electroporated with the pIRES2-EGFP-SDF-1 construct were immunohistochemically stained with a quail endothelial cell marker, the QH-1 antibody (n=5). The number of endothelial cells in the somite and limb on the electroporated side was drastically increased (Fig. 10  B,D) . The EGFP electroporated embryos showed no effect on the endothelial cells (n=5, data not shown).
To visualize the vascular network, India ink was injected into
Fig. 7 (Left). SDF-1 expressing somite cells in the limb were mostly MyoD negative. A shows EGFP-SDF-1+ cells in the limb. (B) MyoD+ cells in the limb. Most of the EGFP-SDF-1+ cells in the limb are not co-localized with MyoD+ cells (black arrow in C).

Fig. 8 (Right). Most SDF-1 expressing somite cells differentiate into angiogenic cells in the limb. (A) EGFP-SDF-1+ cells in the limb. (B) VEGFR2+ cells in the limb. EGFP-SDF-1+ cells are co-localized with the VEGFR2 + cells (black arrow in C).
the vitelline vessels of electroporated embryos after two days of reincubation (n=9). More blood vessels were formed in the somite region on the using angiogenic gene expression, a quail-specific endothelial cell marker, and ink injection into blood vessels. Because the endothelial marker specifically detects quail endothelia, quail embryos were used for this experimental series. dothelial cells in the limb were not significantly increased. These observations show that SDF-1 cells induce the local production of additional endothelial cells in the somite. The control embryos injected with COS-1-EGFP-expressing cells showed no altered pattern of VEGFR2 and QH-1 (data not shown).
Discussion
The present study attempted to define the role of SDF-1/CXCR4 during somite development. Our results demonstrate that overexpression of SDF-1 in the somites promoted the proliferation of both myogenic and angiogenic progenitors. Moreover, SDF-1 overexpression affected the ventrolateral growth of the myotome expressing cells, hematopoietic stem and progenitor cells (Joo et al., 2004) . Here, we provide evidence for the role of the chemokine SDF-1 as an enhancing factor for somite cell proliferation. SDF-1 overexpression increases the number of cells expressing the proliferation marker PCNA in the dermomyotome, which gives rise to myogenic and angiogenic cells (Christ and Ordahl, 1995) . As a result of the enhanced dermomyotome cell proliferation, myotomal and endothelial cell numbers were increased in the region of forced SDF-1 expression. The same function of SDF-1 was also observed during Schwann cell proliferation, whereby both CXCR4 and CXCR7 are necessary for the chemokine to induce optimal mitogenic responses (Odemis et al., 2010) .
In this study, we observed that the overexpression of SDF-1 operated side than on the unmanipulated contralateral side. There were more blood vessels in the limb on the operated side than on the contralateral side too (Fig. 11) .
The function of SDF-1 in blood vessel formation was also investigated by means of injecting COS-1-SDF-1-expressing cells into the somitocoele (n=4). Endothelial cells marked with QH1 were found to be increased in the sclerotome and in the ventrolateral body wall. An agglomeration of QH-1 positive cells was seen around the COS-1-EGFP-SDF-1-expressing cells in the somites (Fig. 12) . However, enand the migration of myogenic precursor cells from somites into the limb.
SDF-1 promotes myotomal and endothelial cell proliferation in the somite
It has been shown that SDF-1 is involved in the survival of CXCR4-
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only induced cell proliferation in the somites on the first reincubation day. On the second reincubation day, SDF-1 did not influence the cell proliferation. Such a short term effect of SDF-1 was also reported by other studies (Odemis et al., 2007; Melchionna et al., 2010) . After treating C2C12 cells with SDF-1 (10 ng/ml, low concentration) for 24 hours, the number of Ki67-positive (proliferation marker) cells was increased. However, after 48 hours, the number of Ki67-positive cells returned to the same level as under control conditions (Odemis et al., 2007) . Treatment of C2C12 myoblasts and mouse satellite cells with SDF-1 (100 ng/ml, high concentration) for 24 hours led to a stimulation of myotube formation. This effect also disappeared after 48 hours of the SDF-1 treatment (Melchionna et al., 2010) .
SDF-1 controls myotome formation
Our results show that overexpression of SDF-1 in somites alters myotome formation. First, over-expression of SDF-1 by electroporation increased myotomal cell number after 2 days of reincubation. A possible mechanism for this enhanced muscle formation could be the role of SDF-1 in increasing the progenitor pool of somite cells via proliferation during the first day of reincubation. The inhibition of SDF-1/CXCR4 signaling in zebrafish by morpholinos, caused a decrease in fast muscle formation, as well as a decrease in MyoD and Myf5 expression in the somites (Chong et al., 2007) . Also in chicken, SDF-1/CXCR4 signaling is required for the myogenic differentiation during myotome formation. This is confirmed by our observation in this study that the MyoD expression was not present in the somites where the beads soaked with CXCR4-inhibitor were implanted.
The second noteworthy finding is that grafting SDF-1-expressing cells into the somites caused an ectopic localization of myotomal cells in the somite. This demonstrates that the SDF-1/CXCR4 axis participates in controlling myogenic cell migration from the dermomyotome into the myotome. However, this signaling pathway is likely to be redundant, because no change in the myotomes was detected in the CXCR4 -/-mutant (Vasyutina et al., 2005) . We also observed an intersegmental extension of myotomal cells from one segment to the neighbouring segments. This might be due to the migration of myotomal cells induced by the ectopic location of SDF-1 molecules between somites. Such intersegmental fusion of myotomes can also be observed by over-expressing thymosin beta 15-like peptide in birds (Chankiewitz et al., 2014) .
Taken together, the SDF-1/CXCR4 signalling regulates the myotome formation by means of at least three mechanisms. First, it controls the proliferation of myogenic precursor cells in the dermomyotome; second, it initiates the myogenic differentiation of the myotome cells; finally, it guides the migration of the myotome cells.
SDF-1 controls muscle and blood vessel formation in the limb differently
It has been shown that the myoblasts, blood vascular endothelial cells and lymphatic endothelial cells of the developing limb are generated from the ventrolateral dermomyotome (He et al., 2003) . The cells delaminating from the ventrolateral dermomyotome at limb levels are heterogeneous in terms of their commitment to form muscle and endothelia (Kardon et al., 2002) . They exhibit differential traits, indicating that at limb bud levels there is an early fate separation between endothelial and striated muscle lineages (Yvernogeau et al., 2012) . We observed a reduction of limb muscle mass after the over-expression of SDF-1 in the lateral somite. Simultaneously, limb endothelial cells and blood vessels were increased. Furthermore, most emigrated somite cells in the limb were not myogenic. Most of them were angiogenic cells. These observations indicate that myogenic and angiogenic cell lines are separated before their migration into the limb, as suggested by Yvernogeau et al., (2012) . These two cell lines have different responses to the SDF-1 signal. The binding of SDF-1 to CXCR4 in the myogenic cell line activates their migration. A gradient of SDF-1 along the proximo-distal axis of the limb controls their directed migration (Vasyutina et al., 2005; Odemis et al., 2005; Yusuf et al., 2006) . Augmentation of SDF-1 signal molecules in the somite caused by the experimental overexpression of SDF-1 interrupted the SDF-1 gradient in the limb and thus hindered the migration of myogenic cells into the limb.
In contrast, the movement of angiogenic cells seems not to be induced by SDF-1 signals. In spite of overexpression of SDF-1 in the somite, many angiogenic cells could colonize the limb. The colonization of somite-derived angiogenic cells might mainly occur via the sprouting of blood vessels rather than progenitor cell migration found in myogenic progenitor cells. Brand-Saberi et al., (1995) have shown that the vasculature of the avian limb bud is accomplished mainly by the sprouting of vessels. We assume that somite-derived angiogenic progenitor cells differentiate into endothelial cells at the site of their origin and from there they move to the limb via blood vessel sprouting.
In chick and mouse embryos, Tozer et al., (2007) have detected VEGFR2-positive cells in the presumptive wing, and demonstrated that angioblasts colonize the limbs before muscle precursor cells. The vasculogenic capacity of the avascular zone depends on local influences, maybe mediated by the local extracellular matrix (Brand-Saberi et al., 1995) . Reversely, ectopic vessels control extracellular matrix production. Moreover, the vasculature organizes itself correctly in the absence of muscles (Tozer et al., 2003) . These findings are consistent with our observation that the muscle and blood vessel formation in the limb are differently controlled by the SDF-1/CXCR4 axis.
Conclusion
Our study demonstrates that SDF-1 promotes the proliferation of both the myogenic, and angiogenic progenitor cells of the somite. SDF-1 also controls the formation of the hypaxial myotome. Moreover, SDF-1 differently controls muscle and blood vessel formation in the limb.
Materials and Methods
Avian model embryos
Fertilized chicken and quail eggs were obtained from a local breeder. The eggs were incubated at a temperature of 38°C and at 80% humidity until the required stages. The developing stages were determined according to the staging system of Hamburger and Hamilton (1951) .
Preparation of the SDF-1 plasmid
To construct the SDF-1 plasmid, we performed RT-PCR with a pair of SDF-1 gene-specific primers (sense primer: 5' GCCTGCACCGTCGC-CAGAATG 3'; and antisense primer: 5' AGGCC AACTCCAAACCCATCTTCA 3'). After inserting the RT-PCR product into a pDrive vector, the cSDF-1 insert was verified by sequencing. The complete coding sequence of the cSDF-1 cDNA can be re-harvested from the constructed pDrive-cSDF-1 plasmid following digestion with NheI and PstI. To prepare the cSDF-1 plasmid (Fig.1) , the NheI-PstI fragment including the full-length chicken SDF-1 coding sequence was re-cloned into a prelinearized pIRES2-EGFP vector (BD Biosciences Clontech) which had been handled with the same restriction enzymes. A scrambled DNA sequence was used as a control.
Isolation of SDF-1 plasmid (Maxi preparation)
Maxi preparation was used to obtain larger volumes of bacterial culture: up to 120 ml. The DNA produced from a Maxi preparation can be used for experimental procedures or for probe generation. For the Maxi preparation, a QIAfilterTM Plasmid Maxi Kit was used, provided by the Qiagen Company.
Electroporation technique
The epithelial dermomyotome of chicken embryos was transfected with the pIRES2-EGFP-SDF-1 construct in the limb and interlimb region. After windowing the egg, the embryo was visualized by injecting 10% black India ink in a Locke-solution underneath the embryo. During the electroporation, the Locke-solution was added to facilitate manipulation in the embryo. The vitelline and amnionic membranes were removed using Tungsten needles. The manipulation in the embryo was carried out under a dissecting microscope (Leica).
To visualize the DNA plasmid solution, it was mixed with a few crystals of Fast Green powder (Sigma) (Krull, 2004) . The DNA-Fast Green solution was sucked into very fine Borosilicate glass capillary (1.1 mm internal diameter, Sutter instruments). The glass capillary was then inserted into the epithelial somites at the limb or interlimb levels. The solution was injected using air pressure into the somitocoele. Immediately after the injection, the targeted part of the embryo was electroporated.
Two electrodes were prepared for electroporation, one of platinum as the positive pole and one of tungsten as the negative pole. Uncontrolled spreading of the electric field was prevented by using nail polish on the non-opposing surfaces of the electrodes. Due to its negative charge, the DNA molecule was attracted towards the positive electrode. To target the lateral part of the epithelial somite on the right side, the positive electrode was placed on the right side of the somite, while the negative one was positioned on the left side of the embryo. The settings of the electroporation machine (Intracel TSS20 Ovodyne electroporator) depend on the stage of the embryos. In our experiments, we used 35 volts, 5 square pulses, 200 ms. After electroporation, eggs were re-incubated. After four hours reincubation, EGFP expression could be detected under a dissecting fluorescent microscope (MZFLIII, Leica) with an EGFP filter.
Bead implantation
The implantation of beads containing the chemical CXCR4 inhibitor T140 was carried out as described in our previous study (Yusuf et al., 2006) . Briefly, beads were first prepared by soaking them in T140 solution at a concentration of 10 mg/ml over-night. Then, a bead was inserted into the somite of a 2-day old chicken embryo. PBS beads were used as controls. The embryos were then reincubated for one to two days.
Cell culture methods
COS-1 cells were transduced with the SDF-1-EGFP construct (Vasyutina et al., 2005; Rehimi et al., 2010) . The cells were grown in a 37°C humidified atmosphere of 5% CO 2 in the air. The growth media consisted of Dulbecco's modified Eagle's medium (DMEM; Invitrogen, USA), to which 10% fetal calf serum (FCS; Invitrogen) and 1% penicillin.
Whole-mount in-situ hybridization
Selected embryos were tested for CXCR4, Lbx1, Pax3, MyoD, VEGFR2 and PCNA using specific avian RNA probes. Riboprobes were labeled with a digoxigenin RNA labeling kit from Boehringer, Mannheim, Germany.
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Whole mount in-situ hybridization was performed as described previously (Nieto et al., 1996) .
Immunohistochemistry (IHC) on vibratome sections
Quail and chicken embryos which had been electroporated with pIRES2-EGFP-SDF-1 and reincubated up to required stages were fixed in 4% PFA/ PBT at 4°C overnight. Embryos were then embedded in 4% agarose. The sectioning was done with a vibratome machine at a thickness of 50 mm. Nonspecific antibody binding was blocked with 1% bovine serum albumin (BSA) in PBS for 30 min. The sections were incubated with a quail-endothelial cell-specific antibody (QH-1) (1:20), and an anti-EGFP-antibody (Acris, 1:200) as primary antibodies overnight at 4°C. A Cy3 and Cy2 fluorescent secondary antibody (1:100 in PBS) for 90 minutes at room temperature was subsequently used.
Visualization of blood vessels using ink injection
To visualize the vascular pattern in the somite and in the limb, a diluted Indian ink (1:10 in Locke solution) was injected into the vitelline vessels of HH 24-25 operated embryos. These embryos were then fixed overnight in 100% ethanol. Finally, these embryos were cleared in methyl salicylate.
Microscopy and imaging
Samples were analyzed and photographed after in-situ hybridization by using a Leica MZFLIII microscope and a Leica DC 300F digital camera. Sections were analyzed and photographed using an Axioscope 20 (Zeiss) and a Leica DFC320 digital camera.
